A kinetic mechanism of 1011 elementary reactions with 171 chemical species for n-heptane ignition is analysed and reduced to 4 global steps with adjusted rate coefficients to describe ignition at pressures around 40 atm. Two of these steps account for the high temperature branch and the other two for the low temperature branch of the ignition mechanism. The ignition delay time passes through a negative temperature dependence during the transition between the two branches. This is accounted for by the reversible third reaction step, which models the first and second 0 2 -addition in the degenerated chain branching mechanism at low temperatures. Ignition delay times calculated with the adjusted 4-step model are compared to those from the detailed kinetics and experimental data. Finally the 4-step mechanism is analysed by asymptotic methods and explicit ignition delay time formulas are derived.
1. the high temperature regime where the fuel is rapidly decomposed into small C 2 -and C r hydrocarbons, which are subsequently oxidized; 2. the low temperature regime where the fuel is oxidized by 0 2 -addition in a degenerated chain branching.
Rather detailed mechanisms have been proposed to model the ignition delay times of fuels like n-heptane and iso-octane over a large temperature range. ' ' ' Some reduced ad-hoc models also have been proposed to describe the basic chemical interactions in a conceptually more accessable form. ' ' ' Only recently, however, reliable experimental data for n-heptane ignition have been produced by experiments in a large shock tube with sufíiciently large residence times of an undisturbed mixture behind the reflected shock. These data were used to adjust the elementary kinetic parameters, in particular those of the low temperature chemistry. ' This led to a reaction mechanism of 1011 elementary reactions with 171 chemical species for the n-heptane ignition chemistry. Figure 1 shows that the full kinetics reproduce the ignition delay times of the experimental data quite well. This mechanism was analysed with respect to the sensitivity of ignition delay times of the individual reactions.
The high temperature oxidation proceeds from the attack on the fuel by H, OH and H0 2 radicáis to form n-heptyl radicáis and through the break-up of these into C 2 H 4 , CH3 and H radicáis. These are oxidized by reactions of the well-known Ci-C 2 -chemistry. An essential feature of low temperature ignition of aliphatic hydrocarbons is the existence of a negative temperature dependence of ignition delay times in the intermedíate temperature range as seen in Fig. 1 . The chemistry for temperatures lower than 1000 K is characterized by degenerated chain branching which may be illustrated by the following sequence of reaction steps:
• full kinetic mechanism experimental data 10"' 0. at 40 atm and a stoichiometric n-heptane/air mixture. For n-heptane R is represented by C 7 H 15 , R' = C 7 H 14 and R" = C7H13. The competition of the reverse reaction of the first 0 2 -addition with the subsequent internal H-abstraction is the key to understanding the negative temperature dependence of ignition delay.
The Adjusted Four-Step Mechanism
Since a large number of the intermedíate species remains at low concentrations, it is possible to introduce steady state assumptions for these intermediates and thus to derive a systematically reduced mechanism.
12 Such a mechanism results in approximately 16 global reactions, which are controlled by the original elementary kinetic rate data.
Here, however, we want to retain only the essential information from the chemistry and present a 4-step model with adjusted rate coefficients, which is written as X+ 110 2^P 3/ F + 20 2 ^ I 3b I + 90 2 -i P Here F stands for the fuel, with F = n-C 7 Hi 6 . X and I represent the combined intermediates, where X = 3C 2 H 4 + CH 3 + H and I = H0 2 R"0 + H 2 0. P represents a combination of the products, with P = 7CO a + 8H 2 0.
The first two reactions correspond to a two-step high temperature scheme containing an endothermic fuel decomposition into small hydrocarbons and the exothermic oxidation of these into the final combustión products. The last two steps represent the degenerated chain branching mechanism discussed above. Steady state assumptions for all intermediates in this chain mechanism up to H0 2 R"0 lead to the third global step of the model. The fourth step contains the chain branching and the oxidation to the combustión products. Only the third reaction is considered to be reversible. The activation energy of the backward reaction 3b is assumed much larger than that of the forward reaction 3/. Therefore, at low temperatures the backward reaction 3b is unimportant. However, at temperatures around 830 K and higher, the backward reaction dominates over the forward reaction and thereby decreases the relative importance of reactions 3 and 4 in the mechanism. This explains the transition from the low temperature to the high temperature branch. The rate coefficients and the thermodynamic data to be used are given below.
In writing the conservation equations for this mechanism we shall assume, for the simplicity of the presentation, that the mean molecular mass and the specific heat at constant pressure are constant. Thus the conservation equations for the mole fractions X F , X x , X! and X Q of F, X, I and 0 2 take the form:
The energy conservation equation can be written in the form
Here the temperatures Ti, T 2 , T 3 and T 4 take the valúes -20400 K, 149800 K, 1550 K and 127850 K. They were obtained by dividing the reacting enthalpies of the four different reactions by the constant pressure speciflc heat of the mixture, which was assumed to have a constant valué of 34.8 (J/ mol K). Notice that Ti + T 2 = T 3 + T 4 . Equations (l)- (3) and (5) can be combined to yield the conservation equation
The reaction constants appearing in Eqs. (l)- (3), have dimensions s~ , and are given by
RT
The factor p/RT in some of the reaction constants represents the number of moles per unit volume. The valúes for the activation temperatures E/R, and for the pre-exponential factors A, are
A 2 = 2 • 10 1Z (cm° me A 3/ = S-lO^^mol^s" 1 ),
A 4 = S-lO^ícn^morV 1 )
,12 /""3 ^0j-i s -iy Equations (l)- (4) and (6) were integrated numerically using the initial conditions f = 0; Xp = Xpo ^o = ^o,o> x x = x I = o, r = r 0
The resulting ignition delay times are compared to those of a calculation using the full kinetics in Fig.  2 . All calculations were made for a pressure of 40 atm and a stoichiometric fuel/air mixture. In general the 4-step mechanism agrees well with the full kinetic mechanism. The máximum error is less than 20% in the región of about 850 K. At different equivalence ratios ignition time depends more on the mole fraction of the fuel X F 0 than on the mole fraction of the oxygen. In Fig. 3 
(10)
Asymptotic Analysis of the Ignition Process
In order to understand the interaction between the different reactions of the 4-step mechanism, it is useful to compare the magnitude of the reaction rates in an Arrhenius diagram. Estimates of the reaction rates in Eqs. (l)-(3) can be obtained using valúes of X r , X 0 and T equal to their initial valúes XF,O, X 0 ,O and T 0 , and valúes for the mole fractions X x and Xi of the intermediates equal to X F , 0 .
The reaction rates, if we leave aside a factor X F)0 to obtain a measure of the inverse of the reaction times of the five reactions, are h, h X 0 ,o, k 3 fX o¡0 , h h , and k 4 X o , 0 where the reaction rates of the reactions 2, 3/ and 4 include a factor p/RT, while the other rates are independent of the pressure.
Thus, if we consider as an example a stoichiometric mixture of n-heptane with air (X F>0 = 0.0187 and X 0 ,o = 0.2061) at a pressure of 40 atm, we obtain the reaction rates shown in Fig. 4 as functions of To-Notice that these reaction rates are shifted upwards or downwards if the factor pX 0 ,o appearing in the rates of the reactions 2, 3/, and 4 is changed.
The reaction times for the five reactions are seen to differ in order of magnitude; their ratios change with Te changing from large to small or vice versa when T 0 passes through cross-over temperatures. The reaction rate of the first reaction is very small compared to the rate of the third reaction in the temperature range of interest in Diesel engine ignition. Thus the low temperature reaction path corresponding to reactions 3 and 4 appears to be favourable.
In Fig. 4 we see that for temperatures above 800 K the rate of reaction 4 is small compared to the rates of the two reactions 3. Under these conditions, there are two stages in the ignition process: In a first stage, with a characteristic time determined by the reactions 3, we can neglect the effeet of reaction 4. No significant change of temperature oceurs during this stage because T 3 is small compared to T 4 . The consumption of oxygen during this stage is also small because the partial stoichiometric coefficient 2 is small compared to 9. The temperature rise can only oceur during the second stage, when the fast reactions 3 are in partial equilibrium. In the long second stage, when the rise in temperature will take place, Eqs. (7) and (8) simplify to
If we define X$ = Xj + X F , the mole fraction of the pool formed by I and F, then Eq. (11) leads to
where K is the equilibrium constant of the third reaction
Thus Eq. (12) 
Equations (15) and (16) are to be solved with the relations (9) and (10) (17) corresponding to the overall kinetic scheme F + 110 2 ->P resulting from the steady state approximation for I. Note that the resulting expression for the overall rate is of second order with respect to X 0 and of first order with respect to X F . The reaction con-
A 4 e 
which is a measure of the inverse of the reaction time, is also plotted in Fig. 4 with a dashed line.
High Temperature Branch:
For temperatures larger than 1180 K the rate of fuel consumption by reactions 3 and 4, determined by (20), becomes smaller than the rate associated with reaction 1. Notice that at these high temperatures reaction 2 is very fast compared to reaction 1 and thus X follows the steady state approximation, being consumed as fast as it is produced. Reactions 1 and 2 can be replaced by the overall reaction F + 11 O, with the rate
Combining the effects of the two reaction paths the rate of fuel consumption for the entire temperature range (temperatures between 1500 K and 850 K) can with Eq. (17) and (22) be written as
Notice that the reaction rate dependence given by (23) leads to a mínimum around 1180 K. With Ti + T 2 = T 3 + T 4 the corresponding temperature equation is
Low Temperature Branch:
For temperatures lower than 800 K, reaction 3 is no longer in partial equilibrium and X¡ is not determined by Eq. (11) . However, the last term in Eq. (8) is small compared to either the first term (for low temperatures) or the second term (for temperatures around 850 K) and may therefore be neglected. Again there is a two-stage ignition process, where the fuel is partly converted to the intermedíate I in the first stage. As in the negative temperature dependence branch, no significant heat reléase occurs during this stage. The subsequent consumption of I during the second stage is governed by the exothermic reaction 4 and leads to thermal runaway. Combining Eqs. (7) and (8) leads to the solution
Then Eq. (7) 
Ignition, therefore, is due to the consumption of small amounts of X¡ governed by reaction 4.
Calculation of Ignition Delay Times
At first only the temperature range between 1500 and 850 K is of interest. Due to the large exothermicity of the reactions, small changes in the fuel and oxygen concentration are sufficient to increase the temperature significantly. Accounting for the fact that the activation energy £1 is large and that (£3^--£3;, + E^I/RTQ is of order unity an expansión of 
Eq. (34) may be inverted and approximated by a composite form satisfying small and large times as The resulting ignition times for the high temperature branch Eq. (31) and the low temperature branch Eq. (37) are compared to the numerical solution of the 4-step model in Fig. 5 . The two asymptotic solutions describe qualitatively the general features of the full kinetic mechanism and both show the negative temperature dependence of ignition delay in the intermediate temperature range. The differences between the high temperature asymptotics and the 4-step numerical solution at temperatures above 1200 K are caused by the steady state assumption of the intermediate specie X and thereby by the neglection of the endothermic effects of the first reaction. At temperatures lower than 800 K the agreement of the low temperature asymptotics and the 4-step model is quite good. In the intermediate temperature range there is an interaction between the different regimes. The numerical solution does not sepárate the influence of the high and low temperature branch in the same way as the two asymptotic descriptions. This is the reason why the negative temperature dependence of the numerical 4-step solution in the intermediate range is missing.
Conclusión
A 4-step model with adjusted rate coeíficients was derived that describes ignition at pressures around 40 atm. Ignition delay times calculated with the 4-step model and the full kinetics are in agreement with experiments. The máximum error in ignition delay between the two kinetic formulations is less than 20%. The dependence of ignition delay times on the equivalence ratio, calculated with the 4-step model, is satisfactory and also in agreement with experiments.
The mathematical structure of the 4-step mechanism has been studied by asymptotic analysis. The high temperature and the low temperature branch were analysed separately. Both asymptotics display a negative temperature dependence in the intermediate temperature range, thereby illustrating that the 4-step mechanism contains the general features of the full kinetic mechanism.
